In this study, we investigated the clinical changes induced by a high fat diet (HFD) and caffeine consumption in a rat model. The mean body weight of the HFD with caffeine (HFDC)-fed rat was decreased compared to that of the HFD-fed rat without caffeine. The levels of cholesterol, triglycerides (TGs), and free fatty acid, as well as the size of adipose tissue altered by HFD, were improved by caffeine consumption. To investigate the metabolites that affected the change of the clinical factors, the urine and serum of rats fed a normal diet (ND), HFD, and HFDC were analyzed using ultra performance liquid chromatography quadruple time-of-flight mass spectrometry (UPLC-Q-TOF-MS), gas chromatography (GC-TOF-MS), and linear trap quadruple mass spectrometry (LTQ-XL-MS) combined with multivariate analysis. A total of 68 and 52 metabolites were found to be different in urine and serum, respectively. After being fed caffeine, some glucuronide-conjugated compounds, lysoPCs, CEs, DGs, TGs, taurine, and hippuric acid were altered compared to the HFD group. In this study, caffeine might potentially inhibit
Results and Discussion

Clinical Data
In this study, we investigated the clinical changes induced by an HFD or HFDC in the serum, liver, and adipose tissue of rats compared with those on a normal diet (ND). After 12 weeks of HFD, the mean body weight of the HFD group was higher than that of the ND group (Table 1) . After 9 more weeks, the triglyceride (TG) level in the serum and liver of the HFD group increased 1.39-and 5.75-fold, respectively, compared with the ND group. In addition, the total lipid in the liver accumulated to a level, which was 4.45-fold greater in the HFD group than the ND group. In the HFD group, higher levels of total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C) in the liver and serum were detected than the ND group. (1) ND (normal diet): Normal diet (Harlon 2018S) + Distilled water (n = 10); (2) HFD (high fat diet): 60 kcal% fat + Distilled water (n = 9); (3) HFDC (high fat diet with caffeine): 60 kcal% fat + 0.1% Caffeine solution (n = 10); (4) After 12 weeks of only a HFD or ND, or after 21 weeks after drinking caffeine for 9 weeks (HFDC group). Data are expressed as mean ± SD. Statistical difference between experimental groups is based on analysis using one-way ANOVA and Tukey's multiple range test at p < 0.05. Means with different letters (e.g., a or b) are statistically different. Differences were considered significant at p < 0.05.
In addition, the size of the adipose tissue and activities of glycerol-3-phosphate dehydrogenase (GPDH) and lipoprotein lipase (LPL) were greater in the HFD group than in the ND group. In contrast, the high-density lipoprotein cholesterol (HDL-C) and free fatty acid concentrations in the serum were lower in the HFD group than the ND group. These changes in the clinical data of the HFD group were observed in many studies that compared values between a normal and overweight/obese group [8, [22] [23] [24] . Providing a HFD for 21 weeks resulted in rats that were overweight/obese, as predicted by the model. After 9 weeks of caffeine consumption, the mean body weight of the HFDC group was maintained, while the weight of the rats fed a HFD and ND gradually increased ( Figure S1 ). At the end of the study, the mean body weight and adipose tissue size of the HFDC group were significantly lower than the HFD group. Moreover, lipid levels such as TC and TG in the serum and liver were decreased in the HFDC group, accompanied by decreased GPDH and LPL enzyme activities, both of which are indicators of lipid metabolism and function to increase TG accumulation [25, 26] . A number of studies have demonstrated that weight gain caused by increasing fat content is delayed by caffeine consumption in the HFD group [20, 27] . In addition, Sinha et al. [28] have reported that caffeine induces autophagy and increases lipolysis in the hepatic cell, which plays a negative role in fat accumulation. Thus, our results demonstrate that caffeine consumption affected the lipid metabolism in rats fed a HFD.
Analysis of Urine Metabolite Profiling
Urine metabolite profiling was analyzed using UPLC-Q-TOF-MS and GC-TOF-MS. In the partial least-squares discriminant analysis (PLS-DA) score plot by UPLC-Q-TOF-MS ( Figure 1A) , the ND and HFDC groups were clearly differentiated by PLS component 1, while the HFD group was discriminated from the ND and HFDC groups by PLS component 2. The urine PLS-DA score plot for GC-TOF-MS ( Figure 1B ) was similar to that of the UPLC-Q-TOF-MS. The metabolites selected by variable importance in projection (VIP) values (>0.7) in the UPLC-Q-TOF-MS and GC-TOF-MS are presented in Tables 2 and 3 , respectively. Higher VIP value represents a higher correlation between metabolites and groups. Twenty-eight and forty urine metabolites were selected as significant variables using the UPLC-Q-TOF-MS and GC-TOF-MS, respectively. These variables were putatively identified by matching accurate mass, i-FIT value, relative retention time, and formula, with references, commercial library, standard compounds, and the human metabolome database (HMDB). Five metabolites were tentatively identified as hydroxyadipic acid, dihydroferulic acid 4-O-glucuronide, 3-indole carboxylic acid glucuronide, 5-hydroxy-6-methoxy-indole glucuronide, and 3-methyldioxyindole. Eight additional metabolites were not identified by the UPLC-Q-TOF-MS. In addition, 15 metabolites were only detected in HFDC group, which seemed to be caffeine metabolites. Of the five tentatively identified metabolites, the hydroxyadipic acid level was increased in the HFD group compared with the ND group, while the levels of four other metabolites including glucuronide-conjugated compounds and 3-methyldioxyindole were decreased. Furthermore, the level of two glucuronide-conjugated compounds in the HFDC group-dihydroferulic acid 4-O-glucuronide, and 3-indole carboxylic acid glucuronide-were increased by caffeine consumption compared with HFD group, but were not significant. Glucuronide-conjugated compounds are generated by UDP-glucuronosyltransferase (UGTs) enzymes in the liver of humans and rats in order to increase the solubility of toxins or xenobiotics for excretion [29] . HFD-induced obesity results in the expression of inflammatory markers, and it is related to the dysregulation of UGT levels in the fatty liver [30] [31] [32] [33] . Moreover, Congiu et al. [34] have reported that patients with a high inflammation score have reduced UGT mRNA levels in the liver.
Previous research has also demonstrated that caffeine treatment in obese rats for 9 weeks ameliorates pro-inflammatory cytokine production [35] . Thus, we inferred that the decreased levels of the glucuronide-conjugated metabolites might be due to the reduction of the gene expression of UGTs associated with HFD-induced inflammation and that caffeine consumption perhaps helps alleviate the level of glucuronide-conjugated metabolites induced by HFD. For these reasons, two glucuronide-conjugated compounds, dihydroferulic acid 4-O-glucuronide and 3-indole carboxylic acid glucuronide, might be potential biomarker candidates of HFD and caffeine consumption. However, the relationship between urinary glucuronide-conjugated compounds and HFD consumption has not yet been properly examined. Of the variables identified by GC-TOF-MS (Table 3) , the levels of most of the compounds, except hippuric acid, were increased in the HFD group compared with the ND group. The levels of monosaccharides such as xylose, ribose, and mannose, as well as sugar alcohols such as xylitol, adonitol, and mannitol, were presented as significantly different metabolites between the ND and HFD groups. Because glycolysis is suppressed and gluconeogenesis is upregulated in the HFD group [36] , monosaccharides were anticipated to increase in the urine of the HFD group. In previous findings, the alteration of pseudouridine, creatinine, taurine, and hippuric acid levels in HFD group showed similar patterns when compared to our results [36, 37] . According to one study, HFD intake was related to an increase in lipid oxidation, lipid accumulation, and changes in choline, purine, and amino acid metabolism. Another study reported that these metabolic changes in obesity positively correlate with chronic low-grade inflammation in various organs [38] . Moreover, the elevated levels of taurine and pseudouridine were interpreted as indicators of liver damage induced by inflammation related to lipid β-oxidation and oxidative stress [36, 39, 40] . Many researchers also suggest that the alteration of gut microbiota by HFD exacerbates inflammation and obesity [30, 32] . Hippuric acid is derived from phenylalanine, and its metabolite is represented in a lower proportion in the urine of the HFD group due to the modulation of the gut microbiota population [37] . The results of the comparison of GC-TOF-MS results in the ND and HFD group suggested that the alteration of these metabolites was associated with overall metabolic dysfunction. Of the metabolites, the levels of taurine and hippuric acid were decreased and increased in the HFDC group, respectively, but were increased and decreased in the HFD group, respectively. Although those levels were not comparable to the ND group, caffeine consumption narrowed the gap between the ND and HFDC groups, compared with the ND and HFD. Therefore, the taurine and hippuric acid could be suggested as biomarker candidates of caffeine consumption in HFD-induced obesity.
By investigating urine in the ND, HFD, and HFDC group using UPLC-Q-TOF-MS and GC-TOF-MS analysis, biomarker candidates such as glucuronide-conjugated compounds, taurine, and hippuric acid were suggested. These molecules were affected by the HFD or caffeine consumption, and indirectly related to obesity and overall metabolic dysfunction.
Analysis of Serum Metabolite Profiling
Serum metabolites from the rats were analyzed using UPLC-Q-TOF-MS and LTQ-XL-MS. Both PLS-DA score plots were divided into three groups based on the PLS1 and PLS2 components ( Figure 1C,D) .
A total of 10 and 42 significantly different metabolites in the three groups were selected by UPLC-Q-TOF-MS and LTQ-XL-MS analysis, respectively. All putatively identified metabolites, including bile acids, lysophosphatidylcholines (lysoPCs), phosphatidylcholines (PCs), diacylglycerols (DGs), cholesteryl esters (CEs), and TGs, were associated with lipid metabolism (Tables 4 and 5 ). In the HFD group, the levels of lysoPC 14:0, 18:0, and 20:3, and lysoPC-P 18:0 were increased, while the lysoPC 16:1, 18:2, and 20:5, and PC 34:2 and 34:0 levels were decreased compared to the ND group. LysoPC is converted from PC by phospholipase A2, which is activated under inflammatory conditions such as with a HFD [41, 42] . Many studies showed lysoPCs as significant biomarkers of mice fed a HFD [8] , overweight/obesity humans [23] , and obesity-resistant BALB/c mice [43] . The level of each specific lysoPC and PC was different, and it is coincident with our results. (1) Fold change was calculated by dividing the mean of the peak intensity of each metabolite from each of the two groups; (2) Detected only in the high fat diet with caffeine (HFDC) group; RT, Retention time; N.I., Not identified; ND, normal diet; HFD: high fat diet; HFDC, high fat diet with caffeine; * p value < 0.05, -not detected. 
-
Fold change was calculated by dividing the mean of the peak intensity of each metabolite from each of the two groups; (2) Ref: Reference, STD: commercial standard, Lib: commercial library; (3) Detected only in the high fat diet with caffeine (HFDC) group; RT, Retention time; N.I., Not identified; ND, normal diet; HFD, high fat diet; HFDC, high fat diet with caffeine; * p value < 0.05, -not detected.. Fold change was calculated by dividing the mean of the peak intensity of each metabolite from each of the two groups; (2) Detected only in the high fat diet with caffeine (HFDC) group; RT, Retention time; N.I., Not identified; LysoPC: lysophosphatidylcholine, ND, normal diet; HFD, high fat diet; HFDC, high fat diet with caffeine; * p value < 0.05, -not detected. Fold change was calculated by dividing the mean of the peak intensity of each metabolite from each of the two groups; ND, normal diet; HFD, high fat diet; HFDC, high fat diet with caffeine; CE, cholesteryl ester; DG, diacylglycerol; LysoPC, lysophosphatidylcholine; PC, phosphatidylcholine; TG, triglyceride; * p value < 0.05.
In the LTQ-XL-MS analysis, the levels of selected CE in our study were decreased. CE is synthesized from cholesterol by acyl-coenzyme A: cholesterol acyltransferase (ACAT), and is degraded by cholesterol ester hydrolase (CEH) to maintain hepatic cholesterol and cholesterol ester homeostasis [42] . In previous research, the CE value increased in the HFD group due to the up-regulation of ACAT [44, 45] . However, the level of CEH activity was reported to have increased about 3-fold in the presence of hepatic damage [46] . Thus, the level of CE might be affected by CEH activity, because HFD is a risk factor for hepatic disease [18] .
DG is a metabolite repeatedly identified in our study, and consists of two fatty acids produced by phospholipase C. It is also a precursor of TG, a known risk factor for obesity, and is synthesized by acyl CoA: diacylglycerol acyltransferase 1 (DGAT1) [47] [48] [49] . In this study, the TG content in the serum was observed to increase; however, the DG level was decreased according to the MS analysis data. One possible reason for the difference in DG and TG levels might be due to the activation of DGAT1. When TG accumulates such as in obesity due to a HFD, DGAT1 increases the TG level to conjugate excess of fatty acids in the liver. Zhao et al. [50] reported that the level of TG and DGAT1 gene expression increased in the fat Banna Mini-pig Inbred Line (BMIL) compared with the lean BMIL. Thus, the increased TG level seems to be due to DGAT1 expression in the HFD group. However, not all of the 29 TGs showed a significant difference in this study; 13 TGs were increased, while the other 16 TGs were decreased in the HFD group. This suggests that the TGs were also changed by HFD consumption, and each TG level might change in a different pattern. These changes are yet to be elucidated.
Bile acids, which play an important role in cholesterol synthesis, are synthesized from cholesterol by cholesterol 7-α-hydroxylase (CYP7A1) and secreted into the intestine and blood. Because the enzyme CYP7A1 increases in a HFD, the serum bile acid level is increased [51] . Previous reports suggested that inflammatory factors such as tumor necrosis factor-alpha (TNF-α) and interleukins (ILs) that are induced by a HFD decrease CYP7A1 mRNA levels and activity [52, 53] . Thus, inflammation induced by HFD ultimately decreases the content of bile acids such as cholic acid and glycocholic acid, which was observed in our study.
In the HFD, the body's lipid metabolism becomes abnormal and dysfunctional due to the up-or down-regulated expression of various genes [42, 54] and nutrients. For example, fatty acids activate pro-inflammatory gene transcription [55] . Thus, we inferred that the level of lipids such as lysoPC, PCs, CEs, DGs, TGs, and bile acid in our study was affected by perturbations of lipid metabolism induced by the HFD, but further studies are required to elucidate the relationship between the HFD and lipid metabolites related mechanism.
A number of the serum metabolites altered by consuming caffeine were lower than those altered by consuming the HFD. Among the metabolites that were significantly different in the HFD group, lysoPC 14:0 and TG 44:2 were significantly decreased, while CE 16:1, CE16:0, CE 20:4, CE 20:3, DG 36:1, DG 36:0, TG 58:10, and TG 58:9 were increased in HFDC group. The latter metabolites were decreased in the HFD group. Based on these results, we inferred that those lipid metabolites were potential biomarkers of HFD as well as caffeine consumption. Therefore, our study indicates that caffeine has an anti-obesity effect, and it was referred to the changes of several metabolites associated with the lipid metabolism. Further study related to enzyme activity and gene expression has to be performed in order to achieve a more detailed picture of lipid metabolism in a HFD with or without caffeine consumption.
Analysis of Caffeine Metabolites in Urine and Serum
Among the metabolites that were significantly different between each group, some were only detected in the urine and serum of the HFDC group by UPLC-Q-TOF-MS and GC-TOF-MS. These metabolites were identified as caffeine-related metabolites and presented in Table 2, Table 3 , and Figure S2 . Twelve caffeine metabolites, including 5-acetylamino-6-amino-3-methyluracil (AAMU), 1-methyluric acid, 1 or 3 or 7-methylxanthine, 3,7 or 1,3 or 1,7-dimethyluric acid, 1,3,7 -trimethyluric acid, theobromine, paraxanthine, and caffeine were observed in the urine of the HFDC group. In the serum, theobromine, 1,7-dimethyluric acid, and paraxanthine were observed and identified in the HFDC group. Caubet et al. reported that 13 C-caffeine metabolites can be identified in urine by LC-MS [56] . We detected major caffeine metabolites such as paraxanthine and theobromine in the urine and serum, meaning that caffeine metabolism did occur in the HFDC group.
Experimental Section
Reagents
HPLC-grade water, methanol, chloroform, and acetonitrile were purchased from Fisher Scientific (Pittsburgh, PA, USA). Pyridine, methoxyamine hydrochloride, N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA), and urease were purchased from Sigma Aldrich (St. Louis, MO, USA).
Animals and Diet
Four-week-old Sprague-Dawley rats (n = 29) were purchased from Daehan bio-link (Chungbuk, Korea). All rats were housed with two rats per cage in a climate-controlled room (temperature: 22 ± 2 °C; relative humidity: 55% ± 5%; 24 h air circulation via forced ventilation) on a 12 h light/12 h dark photocycle. All experiments were performed according to the policies and guidelines of the Institutional Animal Care and Use Committee (IACUC) at Kyung Hee University, Yongin, Korea (approval number: KHUASP(SE) [14] [15] [16] [17] [18] [19] . During the one-week adaptation period, rats were allowed free access to a normal diet and water. After 1 week, 10 rats were fed a ND for 12 weeks, and 19 rats were fed a HFD to induce obesity. The ND group was fed Harlan 2018S (3.1 kcal/g, 44.2% carbohydrate, 18.6% protein, and 6.2% fat; Teklad Diets, Madison WI, USA), and the HFD group was fed 60 kcal% fat (lard; 5.1 kcal/g, 21.3% carbohydrate, 18.4% protein, and 60.3% fat; TD.06414, Harlan) ad libitum. After 12 weeks, the 19 rats were randomized into two groups to investigate the effect of caffeine consumption on obesity for 9 weeks: (1) HFD; HFD + ultra-pure water (n = 9), and (2) HFDC; HFD + 0.1% caffeine solution (n = 10). During the 9-week period, food intake was measured daily, and body weight was measured twice a week. The caffeine or water solution was changed every other day.
Urine, Serum, Organ, and Adipose Tissue Sample Preparation
The rats were transferred to individual metabolic cages for urine collection for a 12 h fasting period. During this time, the rats had free access to water. Urine was collected and stored at −70 °C until analysis. At the end of the fasting period, rats were anesthetized with diethyl ether. Blood was collected by cardiac puncture using heparin-treated syringes and centrifuged at 2000 rpm for 15 min at 4 °C. After centrifugation, the supernatant was separated and stored at −70 °C until analyzed. The adipose tissue and abdominal adipose tissue were then immediately frozen in liquid nitrogen and stored at −70 °C until analysis. Abdominal adipose tissue was fixed in 10% formalin and embedded in paraffin, followed by deparaffinization and rehydration. The paraffin blocks were stained with hematoxylin and eosin (H&E). Abdominal adipose tissue sections were viewed with a fluorescence microscope (Axiovert s100, Carl-Zeiss, Göttingen, Germany).
Analyses of Serum, Urine, Liver, and Adipose Samples
Serum
Serum TC, HDL-C, and TG levels were measured enzymatically using a commercial kit (Asan Pharmaceutical Co., Seoul, Korea). LDL-C levels were determined using the following formula: LDL-C = TC − (1/5 × TG + HDL-C). Fatty acid concentration was determined using a NEFA-HR II (Wako Pure Chemical Industries, Osaka, Japan).
Liver Lipid
Hepatic lipid was extracted using a method described by Folch et al. [57] . The liver (0.5 g) was homogenized in 1.5 mL of 0.9% saline. Afterwards, 7.5 mL of the following mixture of chloroform-methanol (1:2, v/v; 7.5 mL) was added to the homogenate. The hepatic TG and TC were measured by enzymatic colorimetric methods using commercial kits (Asan Pharmaceutical, Seoul, Korea).
Abdominal Adipose Tissue Enzyme Activity
The GPDH activity was quantified using a colorimetric assay kit (BioVision Research Products, Mountain View, CA, USA). Briefly, abdominal tissue was homogenized with 200 µL of ice-cold GPDH assay buffer for 10 min on ice and then centrifuged at 12,000 rpm for 5 min. The supernatant was collected. One unit of specific enzyme activity corresponded to the oxidation of 1 nmol NADH/min/mg of protein. The LPL activity was measured using a fluorometric assay (Cell Biolabs, Inc., San Diago CA, USA). Abdominal tissues were minced and homogenized in 1 mL of cold 20 mM Tris at pH 7.5 and 150 mM NaCl, and then centrifuged at 12,000 rpm for 10 min at 4 °C. Enzyme activity was expressed as nmol of fatty acids released/min/mg of protein. Protein was measured using the Bradford reagent from Sigma-Aldrich Co.
The Preparation of Urine and Serum Samples for MS Analysis
Urine samples for UPLC-Q-TOF-MS and GC-TOF-MS analysis were prepared using the protocols described by Want [58] and Chan [59] , respectively. Prior to UPLC-Q-TOF-MS analysis, particulates were removed from the urine using a 0.2-μm polytetrafluoroethylene (PTFE) filter. Following filtration, 150 µL of urine and 150 µL of water were mixed and re-filtered. For GC-TOF-MS analysis, 150 µL of urine was added to 20 µL of urease suspension (100 U of urease) and incubated at 37 °C for 30 min to remove the excess urea. The enzymatic reaction was stopped with the addition of 600 µL of methanol and slight vortexing. Samples were then centrifuged at 10,000 rpm for 10 min. A total of 200 µL of supernatant was evaporated to dryness and then derivatized through the subsequent addition of pyridine with methoxyamine (20 mg/mL, v/v) and MSTFA at 60 °C for 2 and 1 h, respectively.
Serum was extracted before UPLC-Q-TOF-MS analysis. A total of 900 µL of ice-cold methanol was added to the 300 µL of serum sample, which was then homogenized for 5 min using a mixer mill (Retsch GmbH & Co, KG, Haan, Germany). The mixture was kept at −20 °C for 1 h and then centrifuged at 12,000 rpm for 10 min at 4 °C. The resulting supernatant was filtered through a syringe filter (0.2 µm) and transferred to an Eppendorf tube. The remaining pellet was extracted again using 900 µL of chloroform. The chloroform layers were combined with the methanol extracts and evaporated with a speed-vacuum machine. The dried sample was dissolved in methanol and filtered through a 0.2-µm PTFE filter for UPLC-Q-TOF-MS analysis.
To analyze serum lipids by LTQ-XL-MS, sera were extracted using the Matyash method with modifications [60, 61] . In brief, 225 µL of ice-cold methanol was added to a 10 µL of serum sample, and the mixture vortexed for 10 s. Subsequently, 750 µL of ice-cold methyl-tert-butyl ether (MTBE) was added, and phase separation was induced through the addition of 187.5 µL of distilled water. Following centrifugation at 10,000 rpm at 4 °C, the supernatant was collected and dried completely. Dried lipid extracts were reconstituted with 100 µL of chloroform-methanol (1:9, v/v) and diluted 10-fold with chloroform-methanol (1:9, v/v) containing 7.5 mM ammonium acetate.
Instrumental Analysis
UPLC-Q-TOF-MS Analysis
The UPLC-Q-TOF-MS analysis of the urine and serum samples was performed using a Waters Micromass Q-TOF Premier with UPLC Acquity System TM (Waters, Milford, MA, USA). Chromatographic analysis was performed using a Waters Acquity Tunable UV (TUV), sample manager (autosampler), and binary solvent manager (pump), with the Acquity UPLC BEH C18 column (100 × 2.1 mm, 1.7 μm, Waters). The binary gradient system of acetonitrile (0.1% acetic acid) and water (0.1% acetic acid) was initiated with 0% acetonitrile for 0.3 min. The gradient was gradually increased to 30% acetonitrile over 3 min to 40% acetonitrile for 1 min, and finally to 100% acetonitrile for 8 min. The mobile phase was maintained at 100% acetonitrile for 2 min, followed by 0% acetonitrile for 2 min. The injection volume was 5 μL, and the flow rate was maintained at 0.3 mL/min. The mass spectrometry system was set up with the following parameters: ion source temperature, 200 °C; cone gas flow, 50 L/h; desolvation gas flow, 600 L/h; capillary voltage, 2.8 kV; and cone voltage, 35 V. Negative and positive modes were analyzed within a 100-1000 range of m/z.
GC-TOF-MS Analysis
The GC-TOF-MS analyses were performed using Leco TOF Pegasus III mass spectrometry (Leco, St. Joseph, MI, USA) operating in electron ionization (EI) mode (70 eV) with an Agilent 7890A GC system (Palo Alto, CA, USA). The column was a DB-5MS (30 m length × 0.25 mm i.d. × 0.25 μm film thickness, J & W Scientific, Folsom, CA, USA). Helium was used as the carrier gas and had a constant flow of 1.5 mL/min. A total of 1 μL of the derivatized sample was injected in a split mode (10:1). The oven temperature was sustained at 75 °C for 2 min and then increased to 300 °C at a rate of 15 °C/min. The temperature was then maintained at 300 °C for 3 min. The injector and ion source temperatures were 250 and 230 °C, respectively. The acquisition rate was 20 scans/s, with a mass scan range of m/z 45-1000.
LTQ-XL-MS Lipid Analysis
Serum lipid profiling was performed by LTQ XL mass spectrometry (Thermo Fischer Scientific, West Palm Beach, FL, USA) equipped with a robotic nanoflow ion source, TriVersa Nanomate (Advion Biosciences, Ithaca, NY, USA), and used nanoelectrospray chips with a spraying nozzle diameter of 5.5 μm. The ion source was controlled by Chipsoft 8.3.1 software (Advion Biosciences). The ionization voltage was −1.45 kV in negative mode; backpressure was set at 0.4 psi. The temperature of the ion transfer capillary was 200 °C, and the tube voltage was −100 V. A total of 10 μL of reconstituted lipid extracts were loaded onto TriVersa Nanomate ion source of 96-well plates sealed with aluminum foil. Each sample was analyzed for 2 min. The data collection method performed a full scan (scan range: m/z 400-1000) and a data dependent MS/MS scan of the most abundant ions. All spectra were recorded using the Thermo Xcalibur software (version 2.1, Thermo Fisher Scientific, San Jose, CA, USA).
Data Processing and Statistical Analysis
The UPLC-Q-TOF-MS and GC-TOF-MS raw data were converted to netCDF format using databridge software (Waters) and ChromaTOF software (LECO), respectively. Following the conversion, the MS data were processed using the Metalign software package (version 200410, Wageningen, Netherlands, http://www.metalign.nl). The resulting data were then exported to Excel (Microsoft, Redmond, WA, USA), and statistical analysis was performed using SIMCA-P + 12.0 software (Umetrics, Umea, Sweden). Lipid MS data obtained from LTQ XL ion trap mass spectrometry were aligned using MATLAB software (version 8.0, MathWorks, Natick, MA, USA), and raw files were used to obtain a data matrix containing m/z values and peak intensities for multivariate analysis. The datasets were auto-scaled (unit variance scaling), log-transformed, and mean-centered in a column-wise fashion. PLS-DA was used to compare the three groups and to identify the major metabolites in each group. Variables with VIP values greater than 0.7 and p values less than 0.05 were considered to be significant. The significantly different metabolites were matched to the references and the human metabolome database [62] . In addition, MS/MS spectra were analyzed for the identification of lipid species using the LIPID MAPS Lipidomics Gateway [63] , LipidBlast [64] , and an in-house library. All histological data were presented as mean ± SD. Statistical calculations were performed with SPSS (Statistical Package for the Social Science; version 21.0 for Windows, Chicago, IL, USA). Experimental groups were compared using one-way ANOVA and Tukey's multiple range tests, with p values < 0.05 considered significant.
Conclusions
Our study investigated the changes in clinical factors and biofluid metabolites that resulted from a HFD or HFDC-fed rat. In the clinical data of serum and liver, the factors affected by the HFD were partially reversed by caffeine consumption. Various metabolites such as glucuronide-conjugated compounds, lysoPCs, PCs, CEs, DGs, TGs, bile acids, sugars, pseudouridine, creatinine, taurine, and hippuric acid in the urine and serum were significantly altered by the HFD. Among them, the alteration of some glucuronide-conjugated compounds, lysoPCs, CEs, DGs, TGs, taurine, and hippuric acid were moderated by caffeine consumption. In this study, we demonstrated the effect caffeine has on HFD-induced obesity. Furthermore, the MS-based metabolomics technique gave detailed information about changes in each of the metabolites. We also suggested potential biomarker candidates in the urine and serum that were affected by the HFD and caffeine consumption.
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